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The use of aluminum (Al) alloys for additive manufacturing (AM) has recently gained significant attention,
specifically in the aerospace industry. This has been resulting in introducing new high strength Al alloys that are
more compatible with the AM processes. However, it is critical to investigate the structural integrity of these
newly developed Al alloys prior to being deployed in safety-critical load-bearing applications. This study in-
vestigates and compares the microstructure, porosity, and fatigue behavior of five different contemporary Al
alloys fabricated via a laser beam powder bed fusion (LB-PBF) AM process. Vertically and horizontally built
specimens out of AlSi10Mg, Scalmalloy, QuesTek Al, AD1, and AlF357 are fabricated to capture any effects of
build orientation on the structural integrity of these alloys. Despite the variation in micro-/defect-structure of
vertical and horizontal specimens, no significant build orientation dependency is observed on fatigue behavior of
AlSi10Mg, Scalmalloy, and AD1 alloys. However, AIF357 and QuesTek Al show some anisotropic behavior in the
high cycle fatigue regime. Among the LB-PBF Al alloys investigated, Scalmalloy and AD1 are found to have the
highest fatigue resistance ascribed to their superfine microstructure.

Although the influence of defects (e.g., surface roughness, pore, and
LoF) may be minimal on the static properties, these flaws can deteriorate
the fatigue performance of additively manufactured (AM) parts signifi-
cantly [4]. Recent studies [5,6] reported that the defects are the source
of scatter in fatigue results of AM metallic materials. The detrimental

1. Introduction

Additive manufacturing (AM) is rapidly becoming a strategic tech-

nology generating revenues in various industries such as defense,
aerospace, automotive, and biomedical. These industries can derive
value from the profound benefits of AM, such as the manufacture of
near-net-shape parts with complex geometries, reduction in lead times,
reduction of component weight due to freedom in design, potential cost
reductions, and environmentally friendly production. Along with
various advantages, there are also many challenges associated with the
AM techniques [1]. The unique thermal history of the AM processes (i.e.,
high cooling/solidification rate, thermal gradient, etc.) typically induces
residual stresses, microstructural anisotropy, surface roughness and
leads to the formation of volumetric defects (e.g., pores and lack of fu-
sions (LoFs)) [2,3].

effect of process-induced defects (i.e., pore, LoF) is not limited to the
room temperature fatigue behavior of AM materials. Bao et al. [7,8]
reported that the pores and LoF defects can elongate during cyclic
deformation at elevated temperatures and result in fatigue failure by
microvoid formation.

Many studies have been conducted to investigate the fatigue
behavior of various AM metallic materials; a great deal of these works
has been focused on titanium alloys [9-11], stainless steels [12-14], and
Ni-super alloys [15-17]. Recently, Aluminum (Al) alloys have drawn
much attention for fabricating parts via AM processes. Al alloys are
known for their high strength-to-weight ratio, adequate hardenability,

Abbreviations: Al, aluminum; AM, additive manufacturing/additively manufactured; AMSC, additive manufacturing standardization collaborative; BCC, body-
centered cube; BSD, Backscatter diffraction; EBSD, electron backscatter diffraction; FCC, face-centered cube; H, horizontal; HCF, high cycle fatigue; HIP, hot isostatic
pressing; IPF, inverse pole figure; LoF, lack of fusion; LB-PBF/L-PBF, laser beam powder bed fusion/fused; NHT, non-heat treated; SEM, scanning electron micro-
scope/microscopy; SS, stainless steel; TD, transverse direction; V, vertical; VHCF, very high cycle fatigue.
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Nomenclature

2N¢ reversals to failure

Re ratio of minimum strain to the maximum strain
%El percent elongation to failure
€4 strain amplitude

€max maximum strain

€min minimum strain

(A stress amplitude

Om mean stress

oy yield strength

oy ultimate tensile strength

good corrosion resistance, and excellent weldability, making them
suitable for being deployed in a wide range of applications, specifically
in the aerospace industry [18,19]. However, as compared to other ma-
terials, AM of Al alloys is even more challenging; Al powder particles are
inherently light, have poor flowability, attract moisture due to the hy-
drophilic nature of Al, and have high thermal conductivity [18]. In
addition, Al powder particles are highly susceptible to oxidation, and
their low melt viscosity promotes porosity formation [20]. Such issues in
the manufacture of Al alloys may induce defects in the parts, conse-
quently influencing their mechanical properties, especially their fatigue
performance.

Al-Si cast alloys (e.g., AlISi10Mg) are typically easier to process by
AM as compared to the wrought Al alloys (e.g., AA6061 [21], A7075
[22]). There are quite a few papers in the literature that present various
parameters influencing the fatigue performance of AM AlSi10Mg
[23-27]. Jian et al. [28] studied the effect of powder particle size on the
high cycle fatigue (HCF) and very high cycle fatigue (VHCF) behavior of
laser beam powder bed fused (LB-PBF) AlSi10Mg. They showed that
using smaller powder particles reduces the porosity, and consequently,
enhances the fatigue strength of LB-PBF AlSi10Mg in non-heat treated
(NHT) condition. Wu et al. [6] investigated the effect of volumetric
defect size and population, as well as the orientation of LoF defects with
respect to the loading direction, on the fatigue anisotropy behavior of
LB-PBF AlSi10Mg. Lower ductility and fatigue strength were reported
when the loading direction was parallel to the build direction as
compared to the case where the loading direction was perpendicular to
the build direction. This was attributed to size of the projected area of
LoF defects on the plane perpendicular to the loading direction, which
was larger when the loading direction was parallel to the build direction.

Maskery et al. [25] studied the effect of heat treatment and reported
that performing T6 heat treatment (i.e., a solution treatment for 1 h at
520 °C, water quenched, followed by aging for 6 h at 160 °C, air-cooled)
enhances the ductility as well as fatigue resistance of LB-PBF AlSi10Mg.
In addition, Ngnekou et al. [29] found that while a T6-type heat treat-
ment (i.e., a solution treatment for 8 h at 540 °C, followed by aging for
10 h at 160 °C, air-cooled) enhances the fatigue resistance of the ma-
terial, it may result in build orientation dependency in fatigue perfor-
mance of LB-PBF AlSi10Mg. This has been associated with the defect
characteristics (i.e., size, shape, frequency, etc.) in different build ori-
entations and the increased material sensitivity to the presence of de-
fects after applying T6-type heat treatment. The EOS datasheet for the
LB-PBF AlSi10Mg suggests that T6-type heat treatment may not be the
best option for this material [30]. The traditional T6 heat treatment is
proven to be challenging for certain sand-casting Al alloys (e.g.,
AlSi7Mg0.6) due to the possibility of blistering hydrogen porosity for-
mation [31]. Therefore, EOS recommends only stress relieving instead of
T6 heat treatment [30].

There are also limited studies on the fatigue behavior of AM AlSi7Mg
in the literature; Lesperance et al. [32] investigated the VHCF behavior
of LB-PBF AlSi7Mg using ultrasonic testing, and compared the results
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with those of the cast A356 alloy, and reported similar VHCF behaviors.
Another AM Al alloy is A357, which is the modified version of A356
alloy with higher strength; although there are several studies on process
optimization and microstructure characterization of LB-PBF A357, there
are not many studies on the fatigue performance of this alloy in the
literature. In one study, Bassoli et al. [33] investigated the fatigue
behavior of LB-PBF AlA357 in NHT condition and reported somewhat
similar fatigue behavior to LB-PBF AlSi10Mg alloy. Recently, AIF357
alloy, beryllium free derivative of the AIA357 alloy, has also been
introduced to AM community [34]. However, there is no fatigue data
available for this alloy in the literature, and it will be investigated in the
present study.

Scalmalloy, introduced by the Airbus APWorks, is one of the recently
developed Al alloys for AM [35]. This alloy possesses high yield and
ultimate tensile strengths combined with acceptable ductility due to its
unique microstructure comprised of nano-size grains and nano-size
Al3(Sc,Zr) precipitates [36]. There are only a few studies on the fa-
tigue behavior of Scalmalloy in the literature which show superior fa-
tigue performance of LB-PBF Scalmalloy to that of LB-PBF AlSi10Mg
[37]. Muhammad et al. [38] recently compared the fatigue performance
of LB-PBF AlSi10Mg, Scalmalloy, and a new Al alloy developed by
QuesTek Innovations LLC. They reported higher fatigue resistance for
Scalmalloy as compared to other Al alloys, which was attributed to its
higher toughness (i.e., high tensile strength and ductility) ascribed to its
unique nano-size microstructure.

Considering the ongoing alloy development for AM, especially the Al
alloys with different microstructural features (i.e., grain morphology
and size, precipitates, etc.), it is crucial to study their fatigue perfor-
mance to fill the Gap FMP1 on “materials properties” according to the
AM standardization road map compiled by America Makes & ANSI ad-
ditive manufacturing standardization collaborative (AMSC) [39]. In line
with this goal, the current study aims to investigate the potential
anisotropy in fatigue performance of some contemporary LB-PBF Al
alloys and correlate them with their micro-/defect-structure (i.e.,
microstructure and the defect structure in micro scale). These alloys
with different microstructural characteristics (i.e., grain structure, pre-
cipitates, etc.), and often better tensile strength, may or may not possess
better fatigue behavior due to the presence of volumetric defects. In
addition, it has been shown that the thermal history experienced by the
parts is varied in different build orientations, which may result in
anisotropy in the mechanical behavior as a result of variation in defect
type, size, and population [6,40]. Therefore, generating data and eval-
uating the fatigue behavior of the LB-PBF Al specimens fabricated in
different build orientations seems necessary.

This article is organized in the following order: in Section 2, the
materials and methods are presented in detail. In Section 3, the exper-
imental results, including the micro-/defect-structure analysis, and fa-
tigue data, are presented. In Section 4, the fatigue behavior of the LB-
PBF Al alloys is discussed and correlated to their micro-/defect-struc-
ture. Finally, some conclusions are drawn based on the experimental
observations in this study and listed in Section 5.

2. Materials and methods
2.1. Al dlloys

In this study, five different pre-alloyed gas atomized Al powders were
used to fabricate the specimens; the chemical composition, powder
particle size range, and the powder manufacturer for each of these alloys
are listed in Table 1, and the scanning electron microscopy (SEM) im-
ages of the powder particles are shown in Fig. 1. However, the detailed
chemical composition for AD1 is not listed for the sake of confidenti-
ality; the AD1 is a newly developed Al-Mg-Zr alloy possessing a high
strength after heat treatment. AIF357 is a ‘Be’ free derivative of AIA357
and AlA356 developed to avoid environmental and health risks with
slight reduction in strength as compared to the A1A357 alloy [34]. The
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Table 1

The chemical composition of Al powders used in this study reported by the corresponding powder manufacturer.
Alloy Element AlSil0Mg Scalmalloy QuesTek Al AD1 AIF357
Al Bal. Bal. Bal. Al-Mg-Zr alloy Bal.
Si 9-11 0.20 2.37 6.5-7.5
Fe < 0.55 0.10 0.035 0.1 max
Cu <0.05 - - 0.2 max
Mn < 0.45 0.50 0.35 0.1
Mg 0.2-0.45 4.60 6.79 0.4-0.7
Ni < 0.05 - - -
Zn < 0.10 - - 0.1 max
Pb < 0.05 - - -
Sn < 0.05 - - -
Ti < 0.15 - - 0.04-0.2
(o] - 0.04 - -
Sc - 0.70 - -
Zr - 0.30 - -
Be - - - < 0.002
Minimum Particle Size 20 pm 20 pm 20 pm 15 um 20 pm
Maximum Particle Size 63 um 63 um 63 um 45 pm 90 ym
Powder Manufacturer EOS Carpenter Additive® Connecticut Engineering Associates Corporation (CEAC) EOS EOS

calmalloy

(@ AD1
v

¥ -3

Fig. 1. The SEM images of the LB-PBF Al powder particles: (a) AlSi10Mg, (b) Scalmalloy, (c) QuesTek Al, (d) AD1, and (e) AIF357.

QuesTek Al has been reported to be a high strength, highly
corrosion-resistant, and low-cost alloy (as it contains no expensive
alloying elements) [38].

2.2. Specimens Fabrication

Specimens were fabricated via the LB-PBF process, EOS M290, under
argon shielding gas. It must be mentioned that EOS recommended
process parameters were used for AlSi10Mg, AD1, and AlF357 alloys,
while the process parameters used for fabrication of Scalmalloy and
QuesTek Al were not necessarily the most optimized ones. The process
parameters used for Scalmalloy were adapted from [41], and the ones
for the QuesTek Al were suggested by QuesTek Innovations LLC. for EOS
M280, as listed in Table 2. It must be noted that the detailed default EOS

Table 2
LB-PBF process parameters for each of the Al alloys investigated in this study.
Alloy Laser Laser scan Hatching Layer
power speed (mm/ distance (mm) thickness
W) s) (mm)
Scalmalloy 370 1000 0.10 0.03
[41]
QuesTek Al 370 1040 0.17 0.03

process parameters for other alloys are not provided for the sake of
confidentiality. However, similar strip scan strategy was used for all the
alloys.

Cylindrical rods with 12 mm diameter and 90 mm length were
fabricated in both vertical (V) and horizontal (H) orientations. The
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vertical specimens were directly deposited to the build plate, while the
horizontal ones were fabricated on top of support structures. The build
layout, as well as the powder spread and argon flow directions are
shown in Fig. 2(a). All the specimens were heat treated after fabrication
using the procedure recommended for each alloy listed in Table 3. Ac-
cording to the manufacturer datasheets, the heat treatment procedure
for the LB-PBF AlSi10Mg was adopted from [42] and AIF357 from [34],
reported as the optimal heat treatments for these alloys. The QuesTek
Innovations LLC. and EOS suggested the heat treatment procedures for
the LB-PBF QuesTek Al and AD1, respectively. For the Scalmalloy, the
applied heat treatment procedure has been reported as the optimal heat
treatment for this alloy resulting into the highest tensile strength along
with acceptable ductility [36]. Tensile properties of the heat treated
LB-PBF Al alloys are adopted from the literature in both build orienta-
tions (i.e., vertical and horizontal) and listed in Table 4.

The heat treatment temperatures applied for the LB-PBF AlSi10Mg,
Scalmalloy, and QuesTek Al are all below their solutionizing tempera-
ture (i.e., 450-575 °C). However, the AlF357 alloy was undergone T6
two-stage heat treatment comprising solutionizing and aging proced-
ures. The heat treatments were applied prior to removing the specimens
off the build plate to avoid distortion during cutting due to the residual
stresses. A thermocouple-controlled box furnace was employed to
perform the heat treatments under Ar atmosphere, with the build plates
heated up from room temperature to the target temperature to avoid
oxidations. The specimens were cut off the build plate after heat treat-
ment and further machined to the final geometry of the cylindrical
specimens with a uniform gage section for fatigue testing following
ASTM E606 [43], shown in Fig. 2(b).

2.3. Micro-/defect-structure characterization

The microstructure characterization of the LB-PBF Al alloys was
performed on the planes parallel and perpendicular to the build direc-
tion via electron backscatter diffraction (EBSD) analysis. The specimens
were cut, ground and polished prior to performing EBSD analysis. A
Zeiss 550 Crossbeam FIB/SEM with an Oxford EBSD detector was used
for conducting the EBSD analysis. The scans were performed with a1 pm
step size at the 200X magnification, and the AzTec Crystal software by
Oxford was used for post processing the data. The X-ray CT scans were
conducted using a Zeiss Xradia 620 system to visualize the volumetric
defects within the fabricated parts. The scans were performed on a 6.5-
mm length in the middle of the gage section of the machined fatigue
specimens.
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Table 3

Heat treatment procedures employed for the post process thermal treatment of
the LB-PBF Al specimens. The heat treatment procedures for AlSi10Mg, Scal-
malloy, and QuesTek Al alloys are adopted from [38], for AIF357 from [34], and
EOS suggested the heat treatment procedure for AD1.

Alloy Temperature (°C)  Duration Quenching
(hour) Environment

AlSil0Mg 270 1.5 Furnace
Scalmalloy 325 4 Furnace
QuesTek Al 185 2 Air
AD1 400 6 Air
AIF357 540 0.5 Water

165 6 Air

Table 4

Tensile properties of LB-PBF Al alloys adopted from literature and undergone the
same heat treatment procedures listed in Table 3. Note that the properties for the
AD1 have been provided by EOS.

Alloy Build Orientation 6y (MPa) 6y (MPa) %El

AlSi10Mg[42] Vertical 225 350 9.0
Horizontal 220 340 12.0

Scalmalloy|[38,44] Vertical 508 530 16.0
Horizontal 520 531 14.0

QuesTek Al[38] Vertical 421 496 5.0
Horizontal NA NA NA

AD1 Vertical 409 435 18.0
Horizontal 419 439 19.0

AlF357(34] Vertical 250 390 11.5
Horizontal 255 370 11.5

2.4. Fatigue testing and fractography
Uniaxial fully-reversed (R; = €min/€max = —1) strain-controlled fa-

tigue tests were performed based on ASTM E606 standard [43] using an
MTS landmark servohydraulic testing machine with 100 kN load cells.
Fatigue tests were carried out for two different strain amplitude levels of
0.002 mm/mm and 0.003 mm/mm. To control the tests and measure
the strain at the gage section, an MTS mechanical extensometer was
attached to the gage section on two locations coated by acrylic to avoid
any slippage and scratches by the extensometer’s blades. To ensure the
certainty of the results, three tests were conducted at each strain
amplitude level per material. In order to investigate the failure mecha-
nisms, fractography analyses were conducted on the fracture surfaces of
selected specimens. The fracture surfaces were sonicated and cleaned

(b)

3|0
10
o)
2 )
08

Fig. 2. (a) The build layout, and (b) drawing of the final geometry after machining for the fatigue specimens following ASTM E606 (note that the dimensions are in

‘mm’ and the build orientation shown is corresponding to a vertical specimen).
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prior to performing the fractography.
3. Experimental results

In this section, the experimental observations on the micro-/defect-
structure and fatigue behavior of investigated LB-PBF Al alloys are
presented. The fatigue failure mechanisms of these alloys are also
examined through fractography analysis. Further discussions on the
structure-property relationships of these Al alloys are included in Sec-
tion 4.

3.1. Microstructure of LB-PBF Al alloys

The microstructure characterization results of the heat treated ver-
tical and horizontal LB-PBF Al specimens are presented in Fig. 3. The
schematic in this figure shows the planes on which the microstructure is
characterized for vertical and horizontal specimens. The XYZ-coordinate
presented here is based on the one recommended in [45]; the build di-
rection is also shown by a black arrow parallel to the Z-axis. The inverse
pole figure (IPF) maps are shown both on XY-plane (i.e., perpendicular
to the build direction) and XZ-plane (i.e., parallel to the build direction).
The microstructure is shown on both XY- and XZ-planes for the vertical
specimens, while it is only shown on XZ-plane for the horizontal speci-
mens; the exact XY-plane (i.e., perpendicular to the build direction) for
the horizontal specimens were not easy to find after removing the
specimens off the build platform because of the circular cross-section.
The IPF sets parallel to X, Y, and Z-axis are shown underneath the cor-
responding maps to capture the crystallographic orientation of the
grains along different directions.

The loading directions are also shown in the schematics for different
build orientations. It must be noted that the loading direction for the
vertical specimens is parallel to the Z-axis (i.e., parallel to the crystal-
lographic orientation of grains shown by the IPF map), while it is par-
allel to the Y-axis (i.e., perpendicular to the crystallographic orientation
of grains shown in the IPF map) for the horizontal specimens. Therefore,
to correlate the loading direction with the crystallographic orientation
of the grains, the IPF parallel to the Z-axis for the vertical specimens and
the IPF parallel to the Y-axis for the horizontal specimens should be
analyzed.

3.1.1. Grain structure

The typical grain structure induced by the AM process, i.e., the
columnar grains, and equiaxed grains mostly surrounding the melt pool
boundaries, are observed for all the LB-PBF Al alloys even after per-
forming heat treatment (see Fig. 3). The grain structure for the vertical
and horizontal LB-PBF Al specimens on XZ-plane (i.e., parallel to the
build direction) are found to be very similar. Likewise, the grain struc-
ture on the XY-plane (see the first column in Fig. 3) is expected to be
similar in vertical and horizontal specimens, comprising an equiaxed
view of the columnar grains seen on the XZ-plane. The LB-PBF AlSi10Mg
(see Fig. 3(a)) has a similar grain structure to the ones for the QuesTek Al
(see Fig. 3(c)) and AIF357 (see Fig. 3(e)) alloys, which includes pri-
marily elongated columnar grains along with equiaxed grains around
the melt pool boundaries on XZ-plane and equiaxed grains on XY-plane.

It can be seen that Scalmalloy (Fig. 3(b)) and AD1 (Fig. 3(d)) have a
super fine grain structure comprising ultrafine/nano-size equiaxed
grains as well as more refined columnar grains compared to the other
alloys. The equiaxed grains in the microstructure of LB-PBF AD1 alloy
(Fig. 3(d)), however, are not limited to the regions around the melt pool
boundaries, which is the case for Scalmalloy. In addition, the columnar
grains in AD1 seem to be finer than those of Scalmalloy. This may be due
to the differences in the chemical composition of Scalmalloy and AD1, as
well as the process parameters used for fabrication of these alloys. It is
worth noting that the black regions in the Scalmalloy and AD1 micro-
structures (Fig. 3(b) and (d), respectively) are attributed to the regions
surrounding the melt pools with nano-size grains, which could not be
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characterized with the step size used for the EBSD scans. The ultrafine/
nano-size equiaxed grains in LB-PBF Scalmalloy and AD1 (Al-Mg-Zr
alloy) are formed due to the presence of coherent nano-size Al3Sc and
AlsZr precipitates, which serve as grain growth inhibitors as well as
heterogeneous grain nucleation sites [46,47].

The grain size analysis was conducted using EBSD and the results are
shown in Fig. 4. It can be seen that there is no difference in grain size
between the vertical and horizontal specimens (the standard deviation
error bars are also overlapped). The LB-PBF Scalmalloy and AD1 spec-
imens possess almost identical average grain size (note that the nano-
size grains, the black regions in IPF maps in Fig. 3, are not included),
which is finer compared to other alloys. The LB-PBF AlSi10Mg, QuesTek
Al, and AIF357 have almost similar grain sizes.

3.1.2. Crystallographic orientation of the grains

In general, the < 001 > is the preferred grain growth direction in
cubic structure materials (i.e., face-centered cube (FCC) and body-
centered cube (BCC)), and one of the well-known crystallographic
grain orientations for most of the AM materials in non-heat treated
(NHT) condition. This is mainly due to the high cooling rate and con-
duction heat transfer toward the build platform leading to epitaxial
grain growth [48]. The crystallographic orientation of the grains for the
LB-PBF Al alloys, parallel to the build direction, can be observed from
the IPF //Z-axis in Fig. 3. It can be seen that AlSi10Mg (both vertical and
horizontal in Fig. 3(a)) and Scalmalloy (both vertical and horizontal in
Fig. 3(b)) have < 001 > preferred crystallographic grain orientation,
while the grains in QuesTek Al (both vertical and horizontal in Fig. 3(c))
and AD1 (both vertical and horizontal in Fig. 3(d)) are almost randomly
oriented. For the AIF357 alloy (Fig. 3(e)), the vertical specimen has
mostly < 001 >-oriented grains, while the horizontal specimen has
almost randomly oriented grains with weaker texture (i.e., 2.57 in-
tensity in the vertical specimen compared to 1.8 in the horizontal
specimen).

It must be noted that the heat treatments applied on AlSi10Mg,
Scalmalloy, QuesTek Al, and AD1 were below the solutionizing tem-
perature, considered as stress-relief heat treatments, which are not ex-
pected to change the crystallographic texture of the grains. Therefore,
the crystallographic orientation of the grains is still inherited from the
fabrication process. However, it has been reported that the high heat
input, in other words, lower cooling/solidification rate, may alter the
crystallographic orientation of the grains during fabrication [14]. For
the AIF357 alloy, however, the crystallographic orientation of the grains
and the texture intensity may have been affected by the heat treatment
procedure applied (i.e., solutionizing followed by aging).

3.2. Defect-structure of LB-PBF Al alloys

The X-ray CT scan results from a 6.5-mm length X 5-mm diameter
volume in the gage section of vertical and horizontal LB-PBF Al speci-
mens and defect density (i.e., the accumulative %volume of defects) are
presented in Fig. 5. It can be observed from Fig. 5 that horizontal
specimens of A1Si10Mg, Scalmalloy, QuesTek Al, and AIF357 alloys have
a higher level of volumetric defects as compared to their vertical
counterparts. This might be attributed to the variation in thermal history
experienced by the vertical and horizontal specimens [49]. However,
there is less variation in defect density of vertical and horizontal Scal-
malloy and AD1 specimens; this may be ascribed to these alloys’ thermal
properties (e.g., thermal diffusivity, thermal conductivity). It has been
reported that Al-Mg-Zr alloys have a lower thermal diffusivity, and thus,
approximately ~30% lower thermal conductivity [50] as compared to
Al-Si alloy systems. This lower thermal conductivity may be the reason
for the lower variation in defect density between the vertical and hori-
zontal orientations than the other alloys (see Fig. 5). Similar relatively
low thermal conductivity (~30% lower than Al-Si alloys) has also been
reported for the Scalmalloy [50,51]. However, it must be considered
that the process parameters used to fabricate Scalmalloy were not



P.D. Nezhadfar et al. Additive Manufacturing 47 (2021) 102292

(a) AISi10Mg

(b) Scalmalloy
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(e) AIF357

Fig. 3. Microstructure of vertical and horizontal LB-PBF Al specimens as well as the IPF sets for (a) AlSi1OMg, (b) Scalmalloy, (c) QuesTek Al, (d) AD1, and
(e) AIF357.
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Fig. 4. The average grain size for the vertical and horizontal LB-PBF Al spec-
imens. The standard deviation error bars are also included.

necessarily the most optimized sets, resulting in a higher porosity in
these specimens. At the same time, there is less variation in defect
density between vertical and horizontal Scalmalloy specimens than the
AlSil0Mg, QuesTek Al, and AIF357.

Based on the results presented in Fig. 5(f), the AlSi10Mg and AD1
alloys most likely have the most optimum process parameters as their
defect density is much less compared to other Al alloys. Although opti-
mized process parameters were used, a high defect density is observed in
AIF357, which may be due to its high thermal conductivity. In addition,
the porosity in AIF357 may have been increased by conducting T6 heat
treatment. Defanti et al. [52] reported the formation and even
enlargement of volumetric defects after T6 heat treatment for the
LB-PBF AlA357 alloy, which is a very similar alloy to the AIF357. It must
be noted that the high defect density in QuesTek Al specimens is
attributed to the fact that the process parameters used for this alloy were
not necessarily the most optimized ones. However, Muhammad et al.
[38] have reported acceptable fatigue behavior for the LB-PBF QuesTek
Al and Scalmalloy fabricated using similar process parameters as the
ones used in this study.

The volumetric defect size distribution of vertical and horizontal LB-
PBF Al specimens is presented in Fig. 6. The volumetric defects are
normalized by the total scanned volume. It is worth mentioning that
both gas entrapped pores and LoF defects were observed in all the LB-
PBF Al specimens scanned in this study. However, for the sake of
simplicity and comparison, the diameter of the equivalent spherical
volume of the defect is considered as the size of volumetric defects in this
study for both gas entrapped pores or LoFs.

It can be seen that the most defects in all of the Al alloys are found to
be in size range of [20—30) um (note that no defect smaller than 20 ym
was considered in this study), specifically for Scalmalloy, QuesTek Al,
and ALF357. However, fatigue cracks intend to initiate from larger de-
fects [53,54]. It can be seen for the vertical specimens in Fig. 6(a) that
Scalmalloy and AIF357 have more defects larger than 40 ym, while the
scanned QuesTek and AD1 specimens did not have any defects larger
than 40 ym. The maximum defect size in the scanned vertical specimens
was found to be 41, 49, 36, 35, 58 um, respectively, for AlSi10Mg,
Scalmalloy, QuesTek Al, AD1, and AIF357 scanned specimens. For the
horizontal specimens in Fig. 6(b), while all the scanned specimens had
defects larger than 40 um, larger defects were found in QuesTek Al and
AlF357. The maximum defect size found in the scanned horizontal
specimens was 46, 51, 47, 47, 49 um, respectively, for Al1Si10Mg, Scal-
malloy, QuesTek Al, AD1, and AlF357 scanned specimens.

3.3. Cyclic deformation and fatigue behavior

The stable stress-strain hysteresis loops obtained from the uniaxial
fully-reversed strain-controlled fatigue tests of LB-PBF Al alloys are
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presented in Fig. 7. The hysteresis loops of tests performed at 0.002 mm/
mm and 0.003 mm/mm strain amplitudes are shown for vertical and
horizontal build orientations, separately. For the fatigue tests at
0.002 mm/mm strain amplitude (see Fig. 7(a)), all the LB-PBF Al alloys,
except AlSi10Mg, exhibit elastic behavior in both vertical and horizontal
build orientations. This is because the stress response at 0.002 mm/mm
strain amplitude is much lower than the yield strength of Scalmalloy,
QuesTek Al, AD1, and AIF357, listed in Table 4. However, the stress
response of AlSi10Mg at this strain amplitude level (i.e., 0.002 mm/mm)
is close to its yield strength (see Table 4), resulting in slight plastic
deformation.

For the fatigue tests at 0.003 mm/mm strain amplitude (see Fig. 7
(b)), LB-PBF Scalmalloy, QuesTek Al, and AD1 show elastic behavior,
while the AlSi10Mg and AIF357 alloys exhibit plastic deformation. It can
be seen that the amount of plastic deformation in AlSi10Mg is higher
than in AIF357. In addition, it appears that the plastic deformation in
both AlSi10Mg and AlF357 is slightly higher in the horizontal specimens
as compared to the vertical counterparts. This may be attributed to the
crystallographic orientation of grains with respect to the loading di-
rection in vertical and horizontal specimens.

As seen in Fig. 3(a) for AlSi10Mg, and Fig. 3(e) for AIF357, grains are
< 001 >-oriented along the loading direction (i.e., //Z-axis) in vertical
specimens, while the grains are mostly < 110 >-/< 111 >-oriented
along the loading direction in horizontal specimens (i.e., //Y-axis).
Since Al is a material with an FCC crystal structure, < 110 > and
< 111 > crystallographic grain orientations in horizontal specimens are
the preferred slip systems, which may result in higher plastic deforma-
tion as compared to the < 001 > crystallographic grain orientation of
the vertical specimens.

The fatigue results for the LB-PBF Al alloys in different build orien-
tations are listed in Table 5, and the strain-life fatigue data for each alloy
in vertical and horizontal build orientations are plotted in Fig. 8. It can
be seen that there is not much variation in fatigue performance between
vertical and horizontal specimens for LB-PBF AlSi10Mg (Fig. 8(a)) and
AlF357 (Fig. 8(e)). For the high strength alloys (see Table 4); i.e.,
Scalmalloy, QuesTek Al, and AD1, although there is not much variation
at the higher strain amplitude, there is some scatter in fatigue lives at the
lower strain amplitude of 0.002 mm/mm (see Fig. 8(b)-(d)).

As seen, none of the vertical or horizontal specimens of AlSi10Mg
(Fig. 8(a)) and AlF357 (Fig. 8(e)) reached 107 reversals (considered as
runout in this study) at 0.002 mm/mm strain amplitude. For the Ques-
Tek Al at 0.002 mm/mm strain amplitude, shorter fatigue lives are
achieved for the vertical specimens; two out of three vertical specimens
failed without reaching runout, while all the three horizontal QuesTek
Al specimens exceeded 107 reversals. For Scalmalloy (Fig. 8(b)), one
horizontal specimen, and for AD1 (Fig. 8(d)), one vertical specimen
failed before 107 reversals, while all other vertical and horizontal
specimens reached runout at 0.002 mm/mm strain amplitude. The
scatter in fatigue lives of the LB-PBF Scalmalloy, QuesTek Al, and AD1
may be due to their relatively high strength making them more sus-
ceptible to the defects under cyclic loading [40].

3.4. Fatigue failure mechanisms

It is well established that the volumetric defects (i.e., pores, LoFs) are
the crack initiation sources for most AM materials in the machined
surface condition [26]. However, this is not the case for all AM mate-
rials; for instance, the cracks are reported to initiate from the surface,
not the volumetric defects in AM IN718 machined specimens [17,55].
Therefore, it is essential to carefully investigate the failure mechanisms
of the LB-PBF Al alloys in the current study. Since more scatter in fatigue
results is seen in the higher cycle fatigue regime (see Fig. 8), selected
fracture surfaces of vertical and horizontal LB-PBF Al specimens tested
at 0.002 mm/mm strain amplitude are compared in Figs. 9 and 10,
respectively. However, the defect size and type for all the failed speci-
mens are listed in Table 5.
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Fig. 5. X-ray CT results from a 6.5-mm length X 5-mm diameter volume in the gage section of fatigue specimens showing the porosity in vertical and horizontal LB-
PBF Al specimens: (a) AlSi10Mg, (b) Scalmalloy, (c) QuesTek Al, (d) AD1, and (e) AIF357. The statistical results are shown in (f).

Note that the size of defects are analyzed by \/areay,gqmi @pproach
as explained in [56], and shown with green-color curves on the fracture
surfaces in Figs. 9 and 10. In addition, the exact defect area is also
designated on the fracture surfaces (with yellow-color curves). It must
be mentioned that there is no defect size reported for the runout spec-
imens, and some of the fracture surfaces were smashed during the test,
and the defect could not be recognized. These are designated by N/A™ in
the table.

As seen in Fig. 9 for the vertical LB-PBF Al specimens, volumetric
defects close to or on the surface, initiated the cracks in AlSi10Mg,
QuesTek Al, and AIF357 alloys. Surface pores with
Vareay aiami = 31 pm in AlSilOMg V2 (Fig. 9(a)) specimen and
Vareayaami = 30 pm in AIF357_ V4 (Fig. 9(d)) specimen are notice-
able. As seen, fatigue life of vertical AIF357 alloy (2 N¢ = 243,092) is

higher than that of vertical AlSi10Mg (2 N¢f= 166,266) even with a quite
similar initiating defect size in the vertical AIF357 specimen. It can be
seen in Table 5 that while the defects are larger in AlF357 specimens
compared to the AlISi10Mg ones (see also Figs. 5 and 6), longer fatigue
lives are obtained, which may indicate more tolerance of AIF357 to the
presence of defects. In other words, if process parameters and heat
treatment for AlF357 are further optimized to have similar pore size
distribution as AlSi10Mg, the AIF357 specimens are expected to last
longer under fatigue loading.

For the QuesTek Al_V2 specimen, it is seen that the crack initiated
from an LoF defect with \/areay, qqm = 59 pm. Interestingly, the fa-
tigue life is somehow comparable with that of vertical AlSi10Mg, even
though the defect size that initiated the crack in the QuesTek Al is larger
than that of AlSi1OMg. Besides, one of the QuesTek Al specimens
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reached runout, while having more porosity as compared to AlSi10Mg
(see Figs. 5 and 6); therefore, the QuesTek Al may exhibit higher fatigue
resistance than that of AISi10Mg if the process parameters for QuesTek
Al are better optimized. It was shown in [38] that the LB-PBF QuesTek Al
had relatively high fatigue crack initiation resistance associated with its
fine microstructure; however, because of its high strength, low ductility,
and high porosity, more scatter in fatigue data was reported. Similarly,
some considerable scatter in fatigue data of QuesTek Al is noticeable in
Fig. 8.

As seen in Fig. 9(c), cracks initiated from the surface of the vertical
AD1 specimen, while the other two vertical AD1 specimens reached
runout at this strain amplitude level (i.e., 0.002 mm/mm). Note that
AD1 specimens had relatively low porosity as compared to other Al al-
loys in this study (see Figs. 5 and 6). This may have shifted the crack
initiation from volumetric defects to surface initiation in the absence of a
relatively large defect in the vicinity of the surface. Finally, no vertical
Scalmalloy specimen failed at the strain amplitude of 0.002 mm/mm,
and they all reached 107 reversals, where the fatigue tests were
suspended.

The fracture surfaces of selected horizontal LB-PBF Al specimens
tested at 0.002 mm/mm strain amplitude are shown in Fig. 10. It is
worth noting that all the horizontal AD1 and QuesTek Al specimens
reached runout at this strain amplitude. It can be seen in Fig. 10(a) that
two surface LoF defects with v/aredyqkqmi = 30 pm and 40 pm initiated
the cracks in the AlSi10Mg H4 specimen. Among all the horizontal
Scalmalloy specimens, only one specimen failed before reaching runout,
for which the fracture surface is presented in Fig. 10(b). As observed, a
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very large LoF defect with \/areay,gqmi = 102 pm caused failure of the
Scalmalloy_H2 specimen. Interestingly enough, even with this large LoF
defect, the fatigue life of Scalmalloy H2 is longer than those of
AlSi10Mg_H4, and AIF357_H2 specimens. This is associated with the
high fracture toughness of Scalmalloy resulting from its combined high
strength and high ductility associated with its nano-size grain structure
(see Fig. 3(b)). It is worth noting that the process parameters utilized to
fabricate Scalmalloy may have not necessarily been the optimized ones;
therefore, if the process parameters are further optimized to reducing
the volumetric defects in Scalmalloy, much enhancement in fatigue
behavior of this alloy is expected. For the LB-PBF AlF357_H2 specimen
shown in Fig. 3(c), a LoF defect with \/areay,qqmi = 47 pm initiated the
crack. Although the defect size is again much smaller than the one in the
Scalmalloy specimen (Fig. 3(b)), the AlF357_H2 specimen failed at a
shorter fatigue life.

In some cases listed in Table 5, mainly for the specimens tested at the
higher strain amplitude of 0.003 mm/mm, cracks initiated from the
surface rather than a volumetric defect. These specimens were either the
ones with low defect density, e.g., AD1_V2, or in rare cases, the volu-
metric defect was further away from the surface, e.g., AISi10Mg_H3. In
such cases, the intrusion/extrusion most likely formed and initiated the
crack at the surface of the specimen [57].

4. Discussion on experimental results

In this section, fatigue behaviors of LB-PBF Al alloys are compared
and discussed with respect to their micro-/defect-structure. In addition,
build orientation dependency in fatigue behavior of LB-PBF Al alloys is
further evaluated.

4.1. Potential anisotropy in fatigue behavior

Fatigue behavior of AM materials can vary based on the build
orientation due to the micro-/defect-structure anisotropy induced by
AM processes [58]. The thermal history experienced by parts fabricated
in different build orientations is not necessarily identical and can be
affected by time interval and geometrical factors [59-61]. The gage
section of horizontally built specimens usually is closer to the build
platform than the one for the vertically built specimens, which may lead
to faster heat dissipation in horizontal specimens. The higher cooling
and solidification rates may result in horizontally built parts having
more volumetric defects than the vertical ones, which is confirmed in
Fig. 5.

The difference between the defect density in vertical and horizontal
specimens may cause anisotropy in fatigue behavior. Although it can be
seen in Fig. 8 that there is not much anisotropy in the fatigue perfor-
mance of LB-PBF Al alloys at the higher strain amplitude of 0.003 mm/
mm, it appears to be some level of anisotropy in the fatigue behavior at
the lower strain amplitude of 0.002 mm/mm. To clarify whether this is
anisotropy or scatter in fatigue lives, the fatigue data of vertical and
horizontal LB-PBF Al specimens tested at 0.002 mm/mm strain ampli-
tude are presented via box plots in Fig. 11. It must be noted that the
runout tests, with their terminated number of reversals listed in Table 5,
are also included in statistical analysis and shown by black arrows.

It is worth noting that the difference between the upper and lower
quartiles represents the scatter in fatigue lives, while the difference
between the fatigue life median for the vertical and horizontal speci-
mens shows the anisotropy in fatigue behavior. As seen, there is more
scatter in fatigue lives of horizontal specimens in most cases (i.e.,
AlSil0OMg, Scalmalloy, and AlF357), which can be explained by the
higher defect density in their horizontal specimens compared to the
vertical ones (see Fig. 5). However, since the defect density is relatively
low in the horizontal AD1 specimens (Fig. 5(d)), there is not much
scatter in its fatigue lives. Only one outlier vertical AD1 specimen caused
scatter in fatigue lives of the vertical AD1 specimens (see Fig. 8). On the
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Fig. 7. Stable hysteresis loops of fully-reversed strain-controlled constant amplitude fatigue tests of vertical and horizontal LB-PBF Al specimens at (a) 0.002 mm/

mm, and (b) 0.003 mm/mm strain amplitudes.

other hand, it can be seen in Fig. 11 that, the LB-PBF AlSi10Mg, Scal-
malloy, and AD1 specimens have somewhat comparable fatigue life
medians for vertical and horizontal specimens, confirming no anisotropy
in their fatigue behavior.

Although more defects are present in the horizontal specimens (see
Fig. 5), which are expected to deteriorate the fatigue behavior, one may
wonder why the horizontal AlSi10Mg, Scalmalloy, and AD1 specimens
have comparable median fatigue lives to their vertical counterparts (see
Fig. 11). This may be explained by the size of the projected area of the
defects (particularly in the presence of LoF defects on the loading plane)
in horizontal specimens, which may compensate for the detrimental
effect of high defect density in these specimens. The projected area of the
LoF defects on the loading plane of the horizontal specimens is often
smaller than those in the vertical specimens [6,62], as can be seen in
Table 5. The LoF defects, which are formed either between subsequent
layers or adjacent tracks, typically have a slit shape, and their wider area
is parallel to the loading direction in horizontal specimens, while they
are perpendicular to the loading direction in vertical specimens [58].
The larger projected area of LoF defects in vertical specimens can result
in higher stress concentrations, and consequently, deterioration of the
fatigue strength in vertical specimens. Accordingly, comparable fatigue
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lives may be obtained despite higher defect density in horizontal spec-
imens compared to their vertical counterparts.

The fatigue life median for the horizontal AIF357 specimens in
Fig. 11 is slightly lower than that of the vertical ones, which shows slight
anisotropy in the fatigue behavior of this alloy. This is due to the type of
defects (i.e., pore vs. LoF) that initiated the cracks in the vertical and
horizontal AIF357 specimens. As seen in Table 5, the cracks initiated
from the spherical pores in the vertical AIF357 specimens, while LoF
defects caused failure in the horizontal counterparts. It is known that the
larger LoF defects are typically more detrimental than smaller spherical
pores to the fatigue life; nonetheless, the projected area of the LoF de-
fects on the loading plane of the horizontal AIF357 specimens is not
considerably larger than the pores seen on the fracture surface of vertical
specimens (see Table 5). As a result, the anisotropy in the fatigue
behavior of AIF357 is not significant.

On the other hand, for the QuesTek Al alloy in Fig. 11, the fatigue life
median in vertical specimens is considerably (one order of magnitude)
lower than the horizontal ones; this may represent anisotropy in the
fatigue behavior. As seen in Table 5, the cracks initiated from LoF de-
fects for the vertical QuesTek Al specimens tested at 0.002 mm/mm
strain amplitude, while all the horizontal specimens reached runout at
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Uniaxial fully-reversed strain-controlled fatigue data of LB-PBF Al alloys generated in this study, along with the information of the crack-initiating defects (i.e., size,

type, and location) for each specimen.

Build orientation D £, (mm/mm) 6, (MPa) 6m (MPa) 2 Ny (Reversals) areay,,ami defect (s) (um) Location/Type
AlSil0Mg Vertical V2 0.002 147 -4 185,004 31 Surface”/Pore
V4 0.002 146 10 166,266 40 Surface/LoF
V6 0.002 145 -1 157,570 49 Surface/LoF
V1 0.003 171 -1 27,118 N/A N/A”
V5 0.003 169 2 23,978 56 Surface/LoF
V3 0.003 174 -2 9378 N/A Intrusion/extrusion
Horizontal H2 0.002 147 17 209,086 N/A N/A”
H4 0.002 147 14 145,400 40, 30 Surface/LoFs
H6 0.002 146 -2 78,266 N/A N/A”
H5 0.003 171 2 25,416 51 Surface/Pore
H1 0.003 171 5 25,096 48 Surface/LoF
H3 0.003 177 4 20,992 N/A Intrusion/extrusion
Scalmalloy Vertical V2 0.002 145 -4 > 11,122,572 N/A N/A
V4 0.002 144 2 > 10,110,224 N/A N/A
V6 0.002 144 2 > 12,625,074 N/A N/A
V5 0.003 217 -9 143,452 49 Surface /Pore
V3 0.003 214 0 117,042 69 Surface /Pore
V1 0.003 216 -4 76,908 75 Surface /Pore
Horizontal H6 0.002 145 -4 > 13,937,622 N/A N/A
H4 0.002 146 -5 > 10,085,040 N/A N/A
H2 0.002 148 -5 197,030 102 Surface/LoF
H1 0.003 221 -4 60,648 55 Surface/LoF
H5 0.003 219 -2 77,774 57 Surface/LoF
H3 0.003 217 -4 35,918 N/A N/A”
QuesTek Al Vertical V4 0.002 148 0 > 11,562,816 N/A N/A
' 0.002 147 -4 762,790 87 Surface/LoF
V2 0.002 146 -2 176,582 59 Surface/LoF
V5 0.003 224 -4 90,244 55 Surface/Pore
A28 0.003 220 -10 63,540 66 Surface/LoF
V3 0.003 222 -4 62,668 33,31 Surface/LoF
Horizontal H2 0.002 149 0 > 11,545,714 N/A N/A
H4 0.002 150 -2 > 10,760,842 N/A N/A
H6 0.002 147 -1 > 10,000,000 N/A N/A
H3 0.003 221 -3 105,310 55 Surface/LoF
H5 0.003 225 -4 82,364 63 Surface/LoF
H1 0.003 227 -6 65,502 64 Surface/LoF
AD1 Vertical V6 0.002 147 -3 > 12,326,510 N/A N/A
V4 0.002 150 -2 > 11,668,896 N/A N/A
V2 0.002 154 -3 290,658 N/A Intrusion/extrusion
V5 0.003 228 -5 169,838 41 Surface/Pore
V1 0.003 213 -1 104,220 40 Surface/Pore
V3 0.003 225 -6 93,412 104 Surface/LoF
Horizontal H4 0.002 153 -1 > 11,532,228 N/A N/A
H2 0.002 153 -2 > 10,325,838 N/A N/A
H6 0.002 143 -1 > 10,000,000 N/A N/A
H5 0.003 229 4 191,144 38 Surface/Pore
H1 0.003 218 -1 143,822 42 Surface/Pore
H3 0.003 226 -4 140,644 44 Sub-surface/Pore
AIF357 Vertical %) 0.002 145 -1 292,060 40 Surface/Pore
V2 0.002 150 5 276,004 29 Surface/Pore
V4 0.002 141 12 243,092 30 Surface/Pore
V3 0.003 209 0 31,006 N/A N/A”
V1 0.003 212 2 23,060 N/A N/A”
V5 0.003 208 2 14,652 N/A N/A”
Horizontal H4 0.002 146 7 192,176 43 Surface/LoF
H2 0.002 136 -7 106,692 47 Surface/LoF
H6 0.002 152 -15 53,578 N/A N/A”
H3 0.003 204 -3 27,680 48 Surface/LoF
H5 0.003 208 8 12,150 N/A N/A”
H1 0.003 202 0 15,814 N/A N/A”

# Cracks initiated from defects located at or adjacent to the surface are defined as “Surface pore/LoF”.

b The fracture surface was damaged.

this level. Although the horizontal QuesTek Al specimens have a higher
defect density than the vertical ones (see Fig. 6(c)), the projected area of
the LoF defects on the loading plane should have been smaller than those
of vertical specimens, resulting in superior fatigue performance of hor-
izontal specimens.

In addition to the role of defects on the fatigue anisotropy of LB-PBF
Al alloys studied here, the role of microstructure, particularly the crys-
tallographic orientation of the grains, should be considered. While
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shown in Fig. 3 that the grain structure (i.e., size and morphology of
grains) has not been much affected by the build orientation, the
preferred crystallographic orientation of grains with respect to the
loading direction is different between the vertical and horizontal spec-
imens. The crystallographic orientation of grains towards the loading
direction in horizontal LB-PBF AlSilOMg, QuesTek Al, AD1, and
AlF357specimens is < 011 > and < 111 > (see //Y-axis IPF in Fig. 3),
and for horizontal Scalmalloy, there are also grains oriented along
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Fig. 8. Strain-life fatigue comparison of vertical and horizontal LB-PBF Al specimens: (a) AlSi10Mg, (b) Scalmalloy, (c) QuesTek Al, (d) AD1, and (e) AIF357.

< 001 >. On the other hand, the grains are mainly < 001 >-oriented in
the vertical specimens (see //Z-IPF in Fig. 3), except for the vertical
QuesTek Al and AD1 specimens with randomly-oriented grains. Never-
theless, considering the easier cross slip along < 011 > and < 111 >
orientations rather than < 001 > in FCC materials, a more ductile
behavior is expected for the horizontal AlSi10Mg, QuesTek Al, AD1, and
AlIF357 specimens (see Table 4 and Fig. 7), which can result in less
sensitivity of these materials to the presence of defects.

It can be concluded that the smaller projected area of LoF defects on
the loading plane of horizontal specimens can lower the stress concen-
tration, and the preferred < 011 > and < 111 > orientation of the grains
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can reduce the material’s sensitivity to defects. These may assist the
horizontal AlSi10Mg specimens while having more volumetric defects,
exhibit a comparable fatigue resistance to the vertical ones. Although
QuesTek Al is much sensitive to the presence of defects due to its high
strength and low ductility, the combined effect of the smaller projected
area of LoF defects on the loading plane of the horizontal specimens and
the preferred < 011 > and < 111 > orientation of grains in horizontal
specimens, can improve the fatigue behavior of horizontal specimens as
compared to the vertical ones.



P.D. Nezhadfar et al. Additive Manufacturing 47 (2021) 102292

AlSi10Mg_V2
2N, = 185,004

QuesTek Al_V2
2N;=176,582

AD1_V2
2N, = 290,658

AIF357 V4
2N, = 243,092
. —

Fig. 9. Fracture surfaces of vertical LB-PBF Al specimens tested at 0.002 mm/mm strain amplitude: (a) AlSi10Mg, (b) QuesTek Al, (c) AD1, and (d) AlF357. Note that
all vertical Scalmalloy specimens reached runout at this strain amplitude.
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Fig. 10. Fracture surfaces of horizontal LB-PBF Al specimens tested at 0.002 mm/mm strain amplitude: (a) AlSi10Mg, (b) Scalmalloy, and (c) AIF357. Note that all
the horizontal QuesTek Al and AD1 specimens reached runout at this strain amplitude.

4.2. Comparing fatigue behavior of Al alloys

Strain-life and stress-life fatigue behavior of vertical LB-PBF Al
specimens are presented in Fig. 12(a) and (b), respectively. It can be seen
that the LB-PBF AlSi10Mg and AIF357 alloys have somewhat similar
strain-life fatigue behaviors, while AIF357 has a higher stress-life fatigue
behavior at 0.003 mm/mm than AlSi10Mg (see Fig. 12(b)). This can be
explained by the slightly higher strength of AIF357 compared to
AlSi10Mg (see Table 4) and the plastic deformation of AlSi10Mg at
0.003 mm/mm strain amplitude (see Fig. 7). Accordingly, AIF357 may
be more favorable for load-bearing applications than AlSi10Mg alloy.

The higher level of defects in AIF357 as compared to AlSi10Mg (see
Fig. 5) is expected to make this material (i.e., AIF357) more prone to
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failure, and consequently, decrease its fatigue strength as compared to
AlSi10Mg. Nevertheless, similar fatigue lives of AIF357 and AlSi10Mg
may be associated with their different microstructure characteristics.
The stress relief cycle applied on the AlSi10Mg has been found insuffi-
cient to remove the brittle intercellular Si network in the microstructure
[38], while the solution homogenizing heat treatment performed on
AlF357 alloy removes the brittle intercellular Si network in the micro-
structure [21]. Since intercellular Si networks in the microstructure
result in premature cracking and lower crack growth resistance of the
material [38], removal of the Si network is found to assist with
improving the fatigue behavior. Therefore, the detrimental effect of the
high level of defects in AIF357 may have been compensated by its
enhanced microstructure (i.e., absence of intercellular Si network) after
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Fig. 12. (a) Strain-life, and (b) stress-life fatigue behavior of vertical LB-PBF
Al specimens.

heat treatment resulting in comparable fatigue resistance to that of
AlSi10Mg.

As seen in Fig. 12(a) and (b), the vertical LB-PBF Scalmalloy, Ques-
Tek Al, and AD1 specimens have higher fatigue resistance than
AlSi10Mg and AIF357 specimens, which is associated with their higher
strength (see Table 4) and finer microstructure (see Fig. 3) as compared
to AlSi10Mg and AIF357 alloys. The heat treatments applied on the
Scalmalloy and AD1 increase their strength due to the newly formed
nano-size AlsSc and AlsZr precipitates, respectively [36]. In addition,
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the nano-size precipitates formed during fabrication are coarsened,
which enhances the ductility; therefore, the high strength and ductility
of the Scalmalloy and AD1 specimens can potentially result in an
enhanced fatigue performance of these materials compared to
AlSi10Mg, QuesTek Al, and AIF357. In the case of QuesTek Al, it has
been reported that the possible formation of SiO, by the heat treatment
applied (see Table 3) can increase the static strength of the material,
while reduces its ductility [38]. This results in higher sensitivity of this
material to the defects particularly in HCF regime.

The LB-PBF Scalmalloy, QuesTek Al, and AD1 specimens have
similar fatigue resistance at 0.003 mm/mm strain amplitude. However,
there is variation in their fatigue lives at 0.002 mm/mm strain ampli-
tude; all the vertical Scalmalloy specimens reached runout, while one
specimen out of three from AD1, and two specimens out of three from
QuesTek Al specimens failed. Since the Scalmalloy, QuesTek Al, and
AD1 are high-strength alloys, they are more sensitive to defects in the
HCF regime.

The average size of the crack-initiating defects in Scalmalloy,
QuesTek Al, and AD1 vertical specimens are fairly similar; ~ 54 um,
60 um, and 62 um, respectively. Although the vertical Scalmalloy has a
higher defect density than the vertical AD1, they have comparable fa-
tigue lives. Therefore, it is postulated that the Scalmalloy would
outperform the AD1 if its process parameters are better optimized. In the
case of Scalmalloy and AD1, however, the combination of their high
strength and high ductility may result in higher fracture toughness, and
consequently, higher fatigue resistance as compared to QuesTek Al. On
the other hand, the scatter in fatigue results of vertical QuesTek Al
specimens at 0.002 mm/mm is ascribed to its high strength and low
ductility, which makes this material the most sensitive to the presence of
defects (see Fig. 5). Similar scatter in fatigue results have been reported
for LB-PBF QuesTek Al alloy in [38]. Further optimizing the process
parameters for QuesTek Al may diminish the scatter in fatigue data and
perhaps the anisotropy discussed in the previous section.

Strain-life and stress-life fatigue data of horizontal LB-PBF Al speci-
mens are compared in Fig. 13(a) and (b), respectively. Similar to the
vertical specimens, horizontal AlSi10Mg, and AIF357 alloys exhibit
comparable fatigue lives in all strain amplitude levels, while AIF357
exhibits a higher stress response at 0.003 mm/mm strain amplitude
(Fig. 13(b)). Among the high strength LB-PBF Al alloys, the fatigue
resistance of Scalmalloy is apparently slightly lower than that of AD1 in
the horizontal build orientation at 0.003 mm/mm strain amplitude. This
can be associated with the crystallographic orientation of grains with
respect to the loading direction (see //Y-axis IPF in Fig. 3) and the dif-
ferences in their porosity level (Scalmalloy has a higher defect density
than AD1, as seen in Fig. 5).

As seen in the //Y-axis IPF of horizontal Scalmalloy in Fig. 3(b), there
is a texture along < 001 > direction, while for the horizontal AD1 the
grains are strongly < 011 >- and < 111 >- oriented (i.e., the easy cross
slip for FCC structure). Therefore, the horizontal AD1 specimen is ex-
pected to have more ductile behavior under cyclic loading as compared
to the horizontal Scalmalloy. It can also be seen in Table 4 that the
horizontal AD1 possesses higher ductility than the horizontal Scalmal-
loy, which makes it less sensitive to the presence of defects compared to
the Scalmalloy. The horizontal AD1 specimens also have a lower level of
defects in the structure as compared to the horizontal Scalmalloy spec-
imens (compare Fig. 5(d) and (b)). Therefore, considering the preferred
< 011 > and < 111 > crystallographic orientation of the grains as well
as the lower level of defects and less sensitivity to the presence of de-
fects, the horizontal AD1 specimens outperform the horizontal Scal-
malloy specimens.

While all the horizontal QuesTek Al and AD1 specimens reached
runout at 0.002 mm/mm strain amplitude, one out of the three hori-
zontal Scalmalloy specimens failed without reaching runout (i.e., 107
reversals). The failure in this specimen occurred by a large LoF defect
(102 um) shown in Fig. 11(b). Although the projected area of the LoF
defects on the loading plane of the horizontal specimens are supposedly
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Fig. 13. (a) Strain-life, and (b) stress-life fatigue behavior of horizontal LB-PBF
Al specimens.

smaller than those in the vertical counterparts, in the presence of a very
large LoF defect in the horizontal specimens, the projected area on the
loading plane can be still large enough to cause fatigue failure. This
scatter in fatigue behavior of Scalmalloy is due to more and larger de-
fects in this material ascribed by the fact that the employed process
parameters for fabricating these specimens were not necessarily the
most optimized ones. Interestingly enough, the fatigue life of the failed
horizontal Scalmalloy specimen is comparable to the AlSi10Mg and
AlF357 specimens with much smaller defects responsible for their fa-
tigue failure (average crack-initiating defects in AlSi10Mg and AIF357
horizontal specimens at 0.002 mm/mm strain amplitude were 40 ym
and 45 um, respectively). This indicates higher fatigue resistance of LB-
PBF Scalmalloy as compared to the AlSi10Mg and AlF357 alloys when
they all have the same porosity level. Therefore, the fatigue behavior of
Scalmalloy specimens is expected to be improved even further by opti-
mizing the manufacturing process parameters.

5. Conclusions

In this study, micro-/defect-structure and fatigue behavior of five
different LB-PBF Al alloys (i.e., A1Si10Mg, Scalmalloy, QuesTek Al, AD1,
and AlF357) fabricated in both vertical and horizontal orientations were
investigated. The fatigue behavior of each alloy in each build orientation
was attempted to be correlated to its micro-/defect-structure. The
following conclusions are based on the experimental observations in this
study:
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1. The grain structure (i.e., size and morphology of grains) was not
much affected by the build orientation; however, the preferred
crystallographic orientation of grains with respect to the loading
direction was different between the vertical and horizontal speci-
mens. The grains were mainly < 011 >- and < 111 >-oriented (i.e.,
the easy cross slip for FCC structure) in horizontal specimens, except
for the horizontal Scalmalloy in which grains were also < 001 >-
oriented. On the other hand, grains were < 001 >-oriented in ver-
tical specimens, except for the vertical QuesTek Al and AD1 that
possessed randomly oriented grains.

2. A higher level of volumetric defects was observed for the horizontal
LB-PBF Al specimens than the vertical counterparts. However, Scal-
malloy and AD1 had the lowest variation in defect density between
the vertical and horizontal specimens. This was explained by the
lower thermal conductivity of these alloys (~30% lower than that of
Al-Si alloys). However, the Scalmalloy specimens had a high defect
density, which was ascribed to the non-optimized process parame-
ters used for their fabrication.

3. There was no significant build orientation dependency seen in fa-
tigue behavior of LB-PBF Al specimens at the higher strain amplitude
of 0.003 mm/mm. However, the AIF357 and QuesTek Al specimens
showed anisotropy in fatigue behavior at 0.002 mm/mm strain
amplitude.

4. The differences in defect type (i.e., pore, LoF) and size between the
vertical and horizontal specimens caused anisotropy in the fatigue
behavior of AIF357 and QuesTek Al alloys. The slightly better fatigue
performance of vertical AIF357 specimens was due to crack initiation
from small pores compared to the large LoF defects in horizontal
specimens. For the QuesTek Al, the larger projected area of LoF de-
fects on the loading plane of the vertical specimens caused them to
have shorter fatigue lives than the horizontal specimens.

5. The LB-PBF AD1 specimens outperformed AlSi10Mg, QuesTek Al,
and AIF357 specimens in fatigue performance regardless of the build
orientation. This was due to the lower defect density, high tensile
strength (higher than AlSi1OMg and AlF357, and somewhat com-
parable with QuesTek Al), and higher %El of AD1 compared to the
other alloys.

6. The vertical Scalmalloy specimens had comparable fatigue lives to
vertical AD1 specimens, while horizontal Scalmalloy specimens
exhibited slightly inferior fatigue performance than horizontal AD1
specimens. The high intensity of < 001 > -oriented grains and low
intensity of < 011 >- and < 111 >-oriented grains as well as the
presence of more defects in the horizontal Scalmalloy specimens,
made them more prone to fatigue failure as compared to the hori-
zontal AD1 specimens.

One of the gaps with high priority in the AMSC road map [39] is
related to the generation of the material properties database. This leads
to further adoption of AM in load-bearing applications and helps with
enabling the damage tolerance design for AM parts [63]. Although this
study does not provide the overall fatigue properties, the data and the
knowledge generated for five contemporary LB-PBF Al alloys built in
different orientations can help AM users select a proper Al alloy for their
application. Nevertheless, the AM users may need to generate more data
for each alloy before using them in specific applications. Fatigue pre-
diction modeling [64] is recommended in future studies for the LB-PBF
Al alloys presented here to expedite their adoption to various industries,
particularly aerospace.
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